Little information on the effects of cyclohexane at the cellular or subcellular level is available. In Saccharomyces cerevisiae, cyclohexane inhibited respiration and diverse energy-dependent processes. In mitochondria isolated from S. cerevisiae, oxygen uptake and ATP synthesis were inhibited, although ATPase activity was not affected. Cyclohexane effects were similar to those reported for beta-pinene and limonene, suggesting that the cyclohexane ring in these monoterpenes may be a determinant for their biological activities.
Little information on the effects of cyclohexane at the cellular or subcellular level is available. In Saccharomyces cerevisiae, cyclohexane inhibited respiration and diverse energy-dependent processes. In mitochondria isolated from S. cerevisiae, oxygen uptake and ATP synthesis were inhibited, although ATPase activity was not affected. Cyclohexane effects were similar to those reported for beta-pinene and limonene, suggesting that the cyclohexane ring in these monoterpenes may be a determinant for their biological activities.
Cyclohexane is a nonsubstituted alicyclic hydrocarbon used as an industrial solvent. Cyclohexane is regarded as relatively nontoxic, and it has been increasingly used as a substitute for benzene (9) .
Among unicellular organisms, only one bacterium, tentatively identified as a Nocardia sp., has been described to grow by using cyclohexane as the sole carbon source. This organism was isolated from estuarine mud beds (16) . Apparently, there are no studies on the biological effects of cyclohexane on any microorganism, and no studies have been conducted on the interaction of cyclohexane with organelles from eucaryotic cells.
In mammals, acute hexacarbon intoxication has narcotizing effects (15, 18) . In rats, intravenously injected 1.1 mM cyclohexane led to vestibuloocular reflex excitation, probably because of inhibition of cerebellar modulation (18) . Chronically exposed humans develop a syndrome known as glue sniffer's polyneuropathy and reversible renal tubule damage. Addiction to glue sniffing can result in a massive accumulation of cyclohexane and other solvents in many tissues (4, 6) . After prolonged exposure to high concentrations of cyclohexane, degenerative changes in the liver and kidneys develop (4) .
The cyclic nonsubstituted monoterpenes beta-pinene, alpha-pinene, and limonene contain a cyclohexane ring in their molecules. These monoterpenes inhibit oxygen consumption and uncouple oxidative phosphorylation in mitochondria isolated from rat liver (20) , yeast cells (21, 22) , and mung bean (3). In yeast mitochondria, the respiratory chain inhibition was located at the level of NADH and succinate oxidases (22) . In rat liver mitochondria, cyclohexane uncoupled oxygen consumption, although at higher concentrations than the monoterpenes. Benzene, toluene, and phenol did not elicit the effects observed with cyclohexane or the monoterpenes (20) .
The possibility that the cyclohexane ring in the monoterpene structure might be a factor in the biological activities of beta-pinene and limonene was explored by analyzing the effects of cyclohexane (ii) Isolation of yeast mitochondria. After the 24-h incubation described above, 40 g (wet weight) of yeast cells was washed and suspended in 40 ml of medium consisting of 0.6 M mannitol, 10 mM imidazole, and 0.1% bovine serum albumin adjusted to pH 6.8 with HCl. The cell suspension was mixed with 50% (vol/vol) 0.45-mm glass beads in a Braun homogenizer metal flask and subjected to homogenization at 4°C for 15 s. After cell disruption, the suspension was treated with DNase for 15 min at room temperature and then the mitochondria were isolated by differential centrifugation as described previously (7) .
(iii) Mitochondrial protein concentration. Protein concentration was determined by the biuret method (5 Mexico City, Mexico, is 400 nanogram-atoms per g. The oxymeter was adjusted to 100% before the addition of the biological sample, equivalent to 1,200 nanogram-atoms of oxygen per g (7) .
(v) Potassium uptake. Potassium concentrations were determined with a monovalent cation electrode (model 476220; Corning Glass Works) attached to an expanded-scale pH meter and a chart recorder. The K+ sensitivity was calibrated after each experiment by the addition of samples of known K+ concentration.
(vi) Yeast membrane potentials. Membrane potentials in the cell and in situ mitochondria were measured by using the fluorescent potential indicator 3,3'-dipropylthiacarbocyanine [DiSC3(3)], as described before (16), in a Mark I Farrand spectrofluorometer at excitation-emission wavelengths of 540 to 590 nm (8) .
(vii) Mitochondrial transmembrane potentials. Mitochondrial transmembrane potentials were measured in a DW2-C SLM Aminco spectrophotometer in dual mode with wavelengths at 511 to 533 nm by using safranin 0 as described by Akerman and Wikstrom (1).
(viii) ATP synthesis by mitochondria. The synthesis of ATP was measured as described by Trautschold et al. (19) following the ATP-dependent reduction of NADP in a DW2-C SLM Aminco spectrophotometer in split mode at a wavelength of 340 nm.
(ix) Mitochondrial ATPase activity. dria or cells (21) . Controls using dimethylformamide at the highest concentrations used were included in each experiment with cells or mitochondria, and no effects were detected (data not shown).
RESULTS
Oxygen consumption by intact yeast cells was measured by using either glucose or ethanol as substrates in the presence of increasing concentrations of cyclohexane (0.2 to 5.0 mM) (Fig. 1) . The effects of cyclohexane on oxygen consumption by yeast cells were similar with either ethanol (Fig. 1, left) or glucose (Fig. 1, right) : at 0.2 and 0.5 mM cyclohexane, no effects were detected. The addition of 1 to 5 mM cyclohexane resulted in increasing inhibition of oxygen consumption. At 5 mM cyclohexane, oxygen consumption by yeast cells was inhibited approximately 90% after 1 min (Fig. 1) .
Potassium uptake by yeast cells can be energized either by the glycolytic pathway, using glucose as a substrate, or through oxidative phosphorylation, using ethanol as a substrate (8) . The effects of cyclohexane were different depending on whether glucose or ethanol was used as a substrate. With ethanol, K+ uptake was inhibited by concentrations of cyclohexane similar to those that affected oxygen consumption (Fig. 2, left) . At 0.2 and 0.5 mM cyclohexane, almost no effects were detected, and then at 1 mM cyclohexane, a mild inhibition of K+ uptake was detected. At 2 and 5 mM, cyclohexane inhibited completely the uptake of K+ by yeast cells. When glucose was used as a substrate instead of ethanol, the inhibition of K+ uptake by cyclohexane was much milder; even at 5 mM cyclohexane, inhibition was only partial (Fig. 2, right) . The effects of cyclohexane on oxygen consumption suggested an interaction of cyclohexane with mitochondria. This was analyzed by measuring the transmembrane potential of in situ mitochondria by using DiSC3(3) (8) . Increasing concentrations of cyclohexane were tested by using either ethanol (Fig. 3A) or glucose (Fig. 3B) as a substrate.
When DiSC3(3) was added to yeast cells in the absence of cyclohexane (Fig. 3A and B, traces 1) , an initial small increase in fluorescence was observed which seems to be a mixture between the increase in fluorescence due to the uptake of DiSC3(3) by the cell and the quenching due to dye concentration by the mitochondria. Then, when an uncoupler was added, fluorescence increased, probably because of the exit of the dye from the mitochondria into the cytoplasm (8) . In the presence of 0.2 mM (data not shown), 0.5 mM (Fig. 3A and B, traces 2) , and 1 mM (Fig. 3A and B, traces 3) cyclohexane, no effects on the transmembrane potentials were detected, compared with the controls.
In the presence of ethanol, the addition of 2.0 mM cyclohexane resulted in less fluorescence increase and the addition of CCCP did not result in any further increase in fluorescence.
When glucose was used as a substrate, the addition of 2.0 mM cyclohexane resulted in an increase in fluorescence higher than that of the control (Fig. 3B, trace 4) . Then, the addition of CCCP resulted in a further increase which was not as large as that in the control.
The effects of 5.0 mM cyclohexane on yeast cells were the same regardless of the substrate (Fig. 3A and B (Fig. 4C) . At 2 mM cyclohexane, a slight decrease in oxygen consumption was observed; however, even at 5 mM cyclohexane, the inhibition of state 4 was not higher than 30% of the control (Fig. 4C) . By using ascorbate, the transition from state 4 to state 3 was very slight, and thus no attempts were made to analyze the effects of cyclohexane on state 3.
In situ, the mitochondrial membrane potential was decreased at very low cyclohexane concentrations. This was further studied by measuring the transmembrane potential in isolated mitochondria (Table 1 (Table 1) . Cyclohexane inhibited oxidative phosphorylation by isolated mitochondria (Table 2) . ATP synthesis in the control was 40.5 nmol of ATP per min per mg of protein. At 0.2 mM cyclohexane, no effects were detected. At 0.5 mM cyclohexane, ATP synthesis decreased to 28 nmol of ATP per min per mg of protein. At 1 mM cyclohexane, the synthesis rate was 16 nmol of ATP per min per mg of protein, and 2 and 5 mM cyclohexane inhibited ATP synthesis to the same level as that seen in the presence of oligomycin ( Table 2) .
The effects on ATP synthesis could be due to a direct interaction of cyclohexane with the F1F0 ATPase. This was tested by measuring the hydrolytic component of the reaction in a hypotonic medium at pH 8.5 (7) ( Table 2 ). At 0.2, 0.5, 1, and 2 mM cyclohexane, ATPase was accelerated slightly. At 5.0 mM, cyclohexane produced a small inhibition. In this hypotonic system, CCCP did not affect ATPase activity. Oligomycin inhibited ATPase activity by 90%. DISCUSSION In yeast cells, mitochondrial functions were affected at lower cyclohexane concentrations than glycolysis. This was observed in the intact cells for which the rate of oxygen consumption was inhibited by cyclohexane to the same extent regardless of whether the respiratory chain was effects of ADP addition were detected; therefore, state 3 was not plotted. energized directly by ethanol or through the glycolytic pathway. In addition, the ethanol-or glucose-supported mitochondrial potential measured in situ collapsed at cyclohexane concentrations that did not affect the glucose-mediated plasma membrane potential (8) . Another indication of the effects of low concentrations of cyclohexane on mitochondria was that in the presence of ethanol, potassium uptake was inhibited at lower concentrations than it was in the presence of glucose.
When ethanol was used, the effects of 5 mM cyclohexane were similar to those of the uncoupler CCCP (Fig. 3A , compare traces 5 and 6); however, when the substrate used was glucose, the effects of 5 mM cyclohexane (Fig. 3B , trace 5) were different from the effects of the uncoupler (Fig. 3B,  trace 6 ) but similar to the effects 5 mM cyclohexane and the uncoupler on the ethanol-supported yeast. These results suggest that at the higher concentrations used, cyclohexane inhibited glycolysis-supported dye uptake as well as the respiratory chain. This would be in agreement with others who have reported that cyclohexane inhibits glycolysis (4) .
In isolated yeast mitochondria, cyclohexane inhibited the respiratory chain at the level of succinate oxidation, affecting both ethanol and succinate uptake. The ascorbate-TMPD-supported oxygen uptake was only slightly affected by the cyclohexane concentrations used. Some authors have proposed an inhibition of the respiratory chain to explain the toxic effects of cyclohexane vapor inhalation in rats (18) .
Beta-pinene and limonene inhibit oxygen uptake at the level of succinate and NADH oxidation in mitochondria from diverse sources (3, (20) (21) (22) . Both monoterpenes have a cyclohexane ring in their molecules. Cyclohexane inhibited the respiratory chain at the same site where monoterpene inhibition has been reported, although at higher concentrations than the monoterpenes (3, (20) (21) (22) .
The effects of the monoterpenes and of cyclohexane on the respiratory chain of yeast or rat liver mitochondria are not produced by other hydrophobic solvents such as benzene, toluene, or phenol (20) , suggesting that the respiratory chain inhibitory effects may be specific for the cyclohexane structure and not just due to a hydrophobicity effect. There is a wide variety of carbon sources that yeast cells can grow on, including different hydrocarbons such as n-alkanes (12) ; however, cyclohexane seems to be a difficult substrate to use by most organisms. This would explain its occurrence in the molecules of diverse allelopathic compounds (11) .
Cyclohexane inhibited oxidative phosphorylation without affecting ATP hydrolysis by the F1Fo ATPase; therefore, a direct effect on the enzyme was ruled out. Inhibition of ATP synthesis was observed at cyclohexane concentrations that had no apparent effects on the transmembrane potential (0.5 and 1 mM cyclohexane). That is, even in the absence of effects on the membrane potential, the synthesis of ATP was inhibited. There are several reports indicating that a variety of substances such as anesthetics, diverse uncouplers, and the ionophore gramicidin A inhibits oxidative phosphorylation without having a major effect on the membrane potential (10, 13, 14) . These results have led to proposals for the existence of a proton source other than the extramitochondrial pool which is also available for ATP synthesis. This second proton pool cannot be measured because of its intramembrane location, but it may be affected by these different compounds. As a result, ATP synthesis could be inhibited without collapsing the bulk proton gradient (10, 13, 14) .
The higher concentrations of cyclohexane tested seemed to inhibit glycolysis, as suggested by the results from the whole cell which included decreased glucose-supported K+ uptake or DiSC3(3) fluorescence increase. This would be in agreement with reports suggesting that the in vivo effects of cyclohexane might be due to glycolysis inhibition (4) .
Cyclohexane inhibited the metabolism of yeast cells and isolated yeast mitochondria. The widespread use of cyclohexane in industry and in addictive inhalable substances (4, 6, 9, 15, 18) indicates the need to study the toxic effects and detoxification mechanisms of cyclohexane in organisms at all levels of the phylogenetic scale.
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